We describe a real-time data processing and frequency control method to track peaks in optically detected magnetic resonance of nitrogen-vacancy centers in diamond. This procedure allows us to measure magnetic field continuously with sensitivity ≈ 6 µT/Hz 1/2 and to track resonances at sweep rates exceeding 110 µT/s. We use a custom-built differential photon rate meter and active feedback control to "lock" the microwave excitation frequency of the magnetic resonance. Our scheme covers a broad magnetic field range, limited by the frequency range of the microwave generator. This measurement procedure automates the processing of voltage pulse outputs from the photon counters, and it provides sensitivity comparable to traditional photon counting methods.
( is the gyromagnetic ratio, 0 is the applied magnetic field and ℎ is the Planck constant). Since the gyromagnetic ratio is independent of both temperature and magnetic fields, magnetic resonance-based sensors are better alternatives for absolute field calibrations. The nitrogen vacancy center in diamond is a magnetic resonance based sensor that is particularly useful for precise magnetic field mapping with nanoscale spatial resolution. The NV -centers' small size (2 atoms) and excellent field sensitivity (≈1 nT/Hz On the other hand, in cases where a single NV -center or a few NV -centers are used, for example to achieve better spatial resolution, the collected photon output power is ≈ 10 fW, which is below the detection limit of regular photo-detectors. Instead, the photons are often detected using avalanche photo diode detectors (APD In addition to avoiding extrinsic noise, lock-in detection also facilitates field tracking by producing a continuous measurement signal. The goal of the field tracking is to find and follow the center of a resonance peak. (The slower, but more precise method would be to measure and fit a spectrum.) For tracking applications, frequency modulation with phase-sensitive detection provides a DC error signal that can be used to "lock" the resonance peak with feedback control of the excitation frequency. When single photon-detectors (APD) are needed, it becomes a greater challenge to convert the detector's output pulses into a smooth continuous signal to be used for phase sensitive detection and peak tracking. Previous work [ 11 ] demonstrating peak tracking using single-photon-detector (APD) input used photon pulse counting with data transmission to a computer and demodulation and feedback control via computer algorithms.
Here, we address active feedback control and field tracking using frequency modulated differential (lock-in-type) signal processing with photo detection rates in the range from 2 ms -1 to 500 ms-1 (≈50 fW). In the Experimental Procedure section below, we describe our test setup, including a custom differential rate meter with phase sensitive detection that generates a normalized difference signal from APD pulse inputs. Following that, the Results and Discussion section presents an evaluation of the signalto-noise ratio, sensitivity (6 µT/Hz The experimental setup consists of three parts; 1) confocal microscope for optically detected magnetic resonance (ODMR) measurement using NV -center, 2) differential rate meter, and 3) frequency locking using a proportional-integral-derivative (PID) controller for frequency locking.
The confocal microscope for ODMR measurement consists of 1) a green laser for excitation, 2) a custom-built electromagnet for the applied magnetic field, and 3) a microwave antenna to drive spin resonance. The NV -centers are continuously excited with green laser light (532 nm) with nominal illumination ≈100 µW, which is low enough to avoid optical power related broadening. Emitted photoluminescence (600 nm to 800 nm) is collected and detected by an avalanche photo diode (APD).
The APD outputs a 20 ns TTL pulse per detected photon. For ODMR measurement, the photon detection rate is then recorded using the rate meter as a function of microwave frequency.
To demodulate a modulated photoluminescence signal, the rate meter switches the input pulse train from the APD between the inputs of two parallel channels synchronously with the modulation. In each channel, pulses are made uniform in amplitude and duration, and then integrated in an frequencyto-voltage circuit based on a voltage controlled oscillator with negative feedback regulation. These integrators function at pulse rates from 2 ms -1 to 500 ms -1
. Finally, the normalized difference is obtained from the individual channel voltages using an analog multiplier/divider chip.
The rate meter is used with either amplitude modulation or frequency modulation. For amplitude modulated (AM) cw-ODMR measurements, the microwave power alternates between ON and OFF states. For frequency modulated (FM) cw-ODMR measurements, which we use for peak tracking, the microwave frequency alternates between two frequencies, f1 and f2, around a center frequency, fc.
Channel-A opens while the frequency is f1 and channel-B opens while the frequency is f2 respectively.
Similarly to the amplitude-modulated case, we record the frequency-modulated, normalized-difference, cw-ODMR spectrum as a function of microwave frequencies (fc) as shown in figure-3a.
The derivative-like line shape of the frequency-modulated signal provides an error signal for locking the resonance peak. Near resonance, the signal is positive if the driving frequency is above resonance, and negative if the driving frequency is below resonance. We use active feedback to generate a frequency-correction signal that adjusts the microwave frequency. We find that digitizing the correction signal and using computer control of the microwave generator frequency yields good performance. The slope of the frequency modulated signal is used as a voltage-to-frequency conversion factor.
We also attempted to implement faster microwave frequency control using rf analog devices, but the results were not satisfactory. In this design, the frequency correction voltage was applied to the input were then mixed with a static-frequency microwave signal to produce a single-side-band at the NV -resonance frequency. We encountered several difficulties with this VCO-and-mixer design. Primarily, the VCO and mixer both have limited frequency ranges, which limits the measurable field range. Also, we experienced unreliable peak-locking, which we attributed to closely spaced, unwanted microwave harmonics at various microwave frequencies.
Results and discussion:
First, we compare results obtained using the rate meter with results from the more conventional method of direct pulse counting. We measured amplitude modulated cw-ODMR spectra at a fixed applied magnetic field, and recorded data for the two methods simultaneously, using copies of the same pulse train. In this measurement, microwave power was modulated at 50 Hz: ON for 10 ms and OFF for the subsequent 10 ms in each cycle. The average emitted photon rate was 300 ms -1 and average incident laser power was 112 µW. ODMR spectra from both measurements were normalized, as shown in Figure 2 . The blue, square points are from the conventional photon counting method and the black, circular points are from the rate meter method. As shown in Figure 2 , the signal-to-noise ratios (SNR) from the two methods are virtually identical. We now turn to using the field-dependence of the ODMR signal for magnetometry. The noise floor of a field measurement, , can be determined from the signal noise, FM , of a frequencymodulated measurement using
The differential sensitivity, FM , is obtained from the frequency modulated cw-ODMR spectrum as shown in Figure3a. In this measurement, microwaves were frequency-modulated using a square wave. The modulation rate was 200 Hz and the amplitude was 5 MHz. Rate meter A received all the photons when the microwave frequency was high, (f1 = fc + 5 MHz) and rate meter B received all the photons when the microwave frequency was low (f2 = fc -5 MHz). The normalized difference was measured as function of the center microwave frequency (fc) for an integration time of 1 s per point. The noise level was determined from the off-resonance background, as shown in the dotted boxes. The histogram of the background signal is shown in Figure 3b ; the standard deviation is FM = 0.65 mV with a bandwidth of 1 Hz. We also determined the frequency sensitivity from a linear fit of the data points around the zerocrossing. The fit is shown as a red-line in Figure 3c Next, we demonstrate the peak tracking method for a wide-range magnetic field measurement.
In this measurement, we lock and follow the magnetic resonance peaks of NV -centers from near zero In principle, the potential field range of this measurement scheme is determined by the frequency range of microwave components such as the microwave frequency source, RF cables and the microstrip antenna. In this demonstration, however, we are limited by the maximum field of our small, air-cooled electromagnet. To demonstrate real-time data processing, frequency control, and field tracking of the feedback scheme, we applied an AC magnetic field with frequency 0.1 Hz and amplitude 300 µT. In Fig. 5 , the square, blue data points are the applied fields measured using a Hall probe. The round, black data points are the resonance frequencies determined by peak tracking. As shown in figure 5 , the feedback loop locks and follows the AC magnetic field in real-time, demonstrating reliable field tracking at a sweep rate of ≈ 110 µT/s. Tracking was also achieved at higher rates up to 220 µT/s, but not reliably. 
Conclusion:
In conclusion, we implemented a frequency modulated differential photon rate measurement for optically detected magnetic resonance of NV -centers using single photon detectors. We demonstrated that the rate meter method provides virtually identical signal-to-noise ratios as compared to conventional photoncounting methods. Using differential measurement and active feedback (PID) control, we lock and follow the magnetic resonance peak of NV -centers from near-zero fields to 35 mT. The sensitivity and maximum tracked-field sweep rate of our detection scheme are 6 µT/√Hz and 110 µT/s respectively. The implementation of our peak-tracking method is relatively simple and could easily be integrated with other experimental setups such as scanning probe microscopy for nanoscale magnetometry. Also, the described rate meter can detect photon rates from 2 ms -1 to 500 ms -1 . Therefore, this method is well suited for use in single NV -center as well as small ensembles of NV -centers.
